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C
umene hydroperoxide (CHP) is normally produced by the cumene oxidation process.
Severe ® re and explosion incidents have occurred in oxidation and concentration
processes due to the thermal instability of CHP. In this study, we used DSC and ARC
thermal analysis techniques to measure the runaway thermokinetic data. Data such as adiabatic
time to maximum rate (TMRad), adiabatic temperature rise (D Tad), self-heating rate (dT/dt),
thermal inertia (Q), etc., are used for runaway hazard evaluation.
The thermal decomposition of CHP in cumene was found to be dependent on the CHP
concentration which was characterized by the Accelerating Rate Calorimeter (ARC) test,
isothermal and dynamic Differential Scanning Calorimeter (DSC) tests. The reaction order of
35 wt% CHP decomposition was determined to be 0.5. The Arrhenius parameters were
measured to be Ea (kJ mol± 1 ) = 120.6 6 3.0 and lnA (min-1M1/ 2) = 30.2 6 1.3. By using the
thermokinetic data, plant vessel conditions, and the Semenov model, one can evaluate the
criteria of critical vessel conditions, such as temperature of no return (TNR) and critical heat
transfer parameter, (US / V)cr . Thermal hazards affected by CHP concentration were also
discussed.
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INTRODUCTION
Thermal runaway occurs when the total rate of heat
generated in a reactive system exceeds the rate of heat
removed by the whole system. Many thermal runaway
incidents have been caused by organic peroxides owing to
the peroxy functional group (Ð OÐ OÐ ) which is
intrinsically unstable and reactive. The peroxy group is
sensitive to heat and incompatible with many materials
such as acids, bases, metals, ions, etc. The exothermic
threshold temperature of many organic peroxides is always
below 1208 C, and sometimes even as low as ambient
temperature. The United Nations has suggested that
suppliers take a precise measurement of TSADT (temperature
of self-accelerating decomposition)1,2. Cumene hydro-
peroxide (CHP) is widely used in Taiwan as an initiator in
polymerization, especially for the acrylonitrile-butadiene-
styrene (ABS) copolymer. CHP is also used in producing
phenol and acetone by catalytic cleavage. Many incidents
have been caused by its thermal instability or reactive
incompatibility3. The hazard classi® cation of CHP
was recognized to be a ¯ ammable type or class III (® re
hazard) by the National Fire Protection Association
(NFPA)4,5, but its reactive hazard has not been clearly
identi® ed until now.
In this study, we used DSC (Differential Scanning
Calorimeter) and ARC (Accelerating Rate Calorimeter)
thermal analysis techniques to measure the runaway thermo-
kinetic data. Data such as initial exothermic temperature (T0),
adiabatic temperature rise ( D Tad), self-heating rate (dT/dt),
adiabatic time to maximum rate (TMRad), etc., are used for
hazard evaluation and emergency planning. By incorporat-
ing the thermokinetic data, plant vessel conditions and the
Semenov model, assessment can be extended into practical
engineering applications. Useful criteria such as tempera-
ture of no return (TNR) and critical heat transfer parameter
((US / V)cr) were calculated for the cumene oxidation
process.
In summary, this study addressed the following objectives:
· To identify and assess the characteristics of CHP runaway
decomposition in cumene oxidation reaction;
· To acquire the decomposition kinetic data for engineering
applications such as temperature of no return, critical heat-
transfer coef® cient, and cooling capacity calculation;
· To determine safer operation conditions corresponding to
CHP concentrations.
EXPERIMENTAL
Samples
80 wt% CHP purchased directly from the supplier had
been precisely checked by density and concentration
measurements, then stored in a 4 8 C environment. Cumene
was used as the dilution solvent in preparing various CHP
samples. High purity di-tert-butyl peroxide (DTBP) was
also purchased directly from Merck.
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DSC (Differential Scanning Calorimeter)
The dynamic screening and isothermal experiments were
executed on a Mettler TA4000 system coupled with a DSC
25 measuring cell6. The system was connected to an IBM-
compatible PC where the data were evaluated and stored. A
disposable high-pressure crucible (ME-26732) was used for
acquiring thermograms and isothermal traces. A standard
aluminum crucible (ME-27331) was used for heat capacity
(Cp) measurements to calculate adiabatic temperature rise
and thermal inertia in the ARC tests. The average heat
capacity (J g± 1 K± 1 ) of various solutions of cumene
hydroperoxide in cumene of 12 wt%, 16 wt%, 20 wt%, 30
wt%, 35 wt%, and DTBP, was determined to be 2.029,
2.074, 2.129, 2.146, 2.154, and 2.15, respectively. The
measuring method was checked by the heat capacity
temperature function of aluminum oxide ( a -Al2O3 , single
crystal) with the data provided by the National Bureau of
Standards (NBS).
ARC (Accelerating Rate Calorimeter)
A microprocessor-controlled ARC, manufactured by
Columbia Scienti® c Industries of Austin, Texas7, was
used in this study. Detailed information on the performance
of the ARC instrument can be found elsewhere8. The
thermokinetic and pressure behaviour of CHP decomposi-
tion were investigated for different weight percent ratios.
Two types of sampling bombs, made of titanium and
Hastelloy C, were used.
PROCESS DESCRIPTION
The plant studied was constructed in the early 1970s and
used cumene feed to produce CHP and dicumene peroxide
(DCPO). The CHP production areas of the plant contained
three process operations:
CH3 CH3
| |
ãÐCÐC(1) + 02 ¡ ¡ ! ãÐCÐOOH(1) (1)| |
CH3 CH3
(Cumene) (Cumene hydroperoxide)
(1) Cumene and oxidant feed introduction.
(2) Oxidation of cumene into cumene hydroperoxide at 35
wt%.
(3) Concentration of cumene hydroperoxide.
Cumene hydroperoxide was produced by the reaction of
cumene and oxygen in air :
Incidents occurred most often in the oxidation and
concentration unit operations, due to the thermal instability
of CHP. The oxidation of cumene to cumene hydroperoxide
was normally carried out in a batch reactor. The reaction
temperature was about 90 8 C±1008 C. Air at 1 atm pressure
was pumped into the liquid cumene phase. The ® nal product
in the reactor was 35wt% CHP, which was then pumped
into the concentration unit to produce 80wt% CHP. The
oxidation process conditions are summarized in Table 1.
RESULTS AND DISCUSSIONS
The reaction hazards of CHP are basically related to
process temperature and concentration, although other
factors are also involved. For this hazard analysis, reaction
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Table 1. Oxidation process parameters of cumene hydroperoxideproduction.
Parameters Operating conditions
Temperature, 8 C 90±100
Pressure, bar 1
Volume of reactor, l 6000
Volume of reactant, l 4500±5000
Maximum tolerable pressure of reactor, bar 10
Set pressure of safety valve, bar 1.8
Heat transfer area, m2 40
Heat transfer coef® cient, kcal m±2 hr±1 8 C±1 500
Table 2. Hazard evaluation data of CHP from ARC tests.
CHP concentration, wt%
12 16 20 30 35
Q 1.268 1.290 1.309 1.302 1.279
To 8 C 116.09 116.08 110.96 106.05 101.24
Tf 8 C 166.26 181.98 192.44 229.44 250.51
( D Tad)cor , 8 C 64.35 85.01 106.66 160.65 190.92
(dT/dt)o , 8 C min
±1 0.027 0.028 0.031 0.030 0.039
((dT/dt)max )cor , 8 C min
±1 0.251 1.704 3.784 46.804 336.832
(TMRad)cor from 1008 C, min 1,875 1,478 973 615 429
Tmax , 8 C 116.96 113.61 109.11 103.23 98.76
Pmax , psi 49.8 167.5 210.1 266.9 506.6
(dP/dt)max , psi 0.293 2.399 5.137 33.157 746.771
Table 3. Adiabatic time to maximum rate of 35 wt% CHP with different Q
values.
Q Temperature (8 C) TMRad , min
95 620
1.279 100 429
(Titanium bomb) 105 297
110 206
95 514
2.828 100 342
(Hastelloy C bomb) 105 227
110 151
95 490
4.310 100 332
(Hastelloy C bomb) 105 225
110 153
kinetic analysis and thermal runaway characteristics data
are presented.
Hazard Evaluation
Concentration
Figures 1 and 2 show temperature and pressure curves for
the thermal decomposition of 12 wt%, 16 wt%, 20 wt%, 30
wt% and 35 wt% CHP solutions. These data are used to
assess the potential thermal hazards of the cumene oxidation
process. The minimum exothermic reaction which can be
detected by the ARC test is about 0.0258 C min± 1 . The
® gures show that higherCHP concentrations lead to a higher
potential for thermal and pressure hazards in case of
runaway. Figure 3 shows that the corrected maximum self-
heating rates (((dT/dt)m a x )c o r ) increase sharply with CHP
concentrations.
Temperature and adiabatic time to maximum rate
The data summarized in Table 2 are thermal inertia (Q),
initial exothermic on-set temperature (To), initial self-
heating rate ((dT/dt)o ), ® nal temperature (Tf ), corrected
adiabatic temperature rise (( D Ta d )c o r), corrected maximum
self-heating rate (((dT/dt)m a x )c o r ), corrected time to max-
imum self-heating rate from 1008 C (((TMRa d )100)c o r),
temperature at which it takes 8 hours to reach maximum
self-heating rate (Tm a x ), maximum pressure (Pm a x ), and
maximum pressure rise rate ((dP/dt)m a x ).
In this study, we de® ne the maximum allowable process
temperature to be the one at which it takes 8 hours to reach
the maximum rate. For 35 wt% CHP, it is 98.76 8 C from
Table 2. Lower oxidation temperatures will result in an
increase in TMRa d and safer operation. From Figure 4, the
time to reach the maximum rate of 30wt% CHP at 1108 C is
about 300 minutes, which is very close to the runaway and
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Figure 1. Temperature versus time of thermal decomposition reaction of different CHP concentrations.
Figure 2. Pressure versus time of thermal decomposition reaction of different CHP concentrations.
explosion incident of a plant of 6 m3 CHP (28wt%) been
left at 1098 C for 5 hours without cooling3. Other adiabatic
time to maximum rates for CHP 35 wt% runaway were
performed with different Q values. The corrected adiabatic
time to maximum rate data are shown in Table 3. If the ® nal
decomposition temperatures (Tf ) exceeds auto-ignition
temperatures (AIT) of the runaway products exposed to
air, then severe ® re and explosion hazard will be initiated.
Kinetics Analysis
Dynamic method
Reaction hazards can be characterized using thermo-
dynamic data, kinetic parameters, physical properties of
reactants and heat transfer parameters of reactors. These
data are often acquired directly from heat ¯ ux or adiabatic
calorimetry, such as DSC, ARC and reaction calorimetry9.
Thermal decomposition kinetics of 35 wt% CHP can be
deduced from the temperature versus time relation or via the
self-heating rate (dT/dt). A pseudo zero-order rate constant
(k*) for the nth order exothermic decomposition reaction
can be calculated from the observed self-heating rate (dT/dt)
at T.
k* = kCn-1O = dT / dtTf-T
Tf-Tof g n(Tf - To)
(2)
This can be related to the Arrhenius equation:
lnk* = lnCn-1o + lnA - (Ea / R)(1/ T) (3)
The plot of lnk* versus 1/T is expected to be a straight
line, providing the order of reaction is chosen correctly. The
result is shown in Figure 5. A linear ® tted curve was chosen
from which Ea (kJ mol± 1 ), A (min± 1 M1 / 2 ) and n were
determined to be 118.2 6 1.2, (5.2 6 1.9) 1´01 2 , and 0.5,
respectively.
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Figure 3. The corrected self-heating rate versus temperature of thermal decomposition reaction of different CHP concentrations.
Figure 4. The corrected TMRad of thermal decomposition reaction of different CHP concentrations.
Arrhenius parameters can also be extracted by a non-
isothermal method originally developed by Borchardt and
Daniels10 coupled with the DSC technique. This technique
assumes the reaction follows nth order kinetics and the
Arrhenius expression. The method ® tted only to some
reactions with simple reaction mechanisms and distinguish-
able thermograms. The heat releasing power of 35 wt%
CHP in dynamic scanning can be equated as:
dH / dt = D H A exp(-Ea/ RT)(1 - a )n (4)
This equation can also be written as:
ln(dH/ dt)= ln(D H A)- Ea / RT + nln(1 - a ) (5)
or
ln(da / dt)= lnA - Ea / RT + nln(1 - a ) (6)
A multiple linear equation written in logarithmic form
was used :
Zi = a + bXi + cYi (7)
Multiple linear regression analysis provides the under-
lined kinetic data using i triples of measured values (da /
dt)i. a i and Ti are directly from thermogram data. The
deviations of the measured data from the least square ® t
plane permit con® dence limits for 95% probability. Kinetic
parameters that exactly follow equations (6) and (7) lead to
very low con® dence limits of
n % 0.05,Ea % 5 kJmol-1and lnA % 1
The validity of this approach was ® rst checked with
standard decomposition reactions of 20 wt% di-tert-butyl
peroxide (DTBP) in benzene or toluene, then applied to 35
wt% CHP studies. Arrhenius parameters of DTBP with ® rst
order decomposition were determined to be Ea (kJmol-1) =
158 6 5 and lnA (min± 1 ) = 41.1 6 1.3, in excellent accor-
dance with literature values11,12. Kinetic parameters of 35
wt% CHP decomposition were then determined to be Ea
(kJmol± 1 ) = 120.6 6 3.0, ln A (min± 1 M1 / 2 ) = 30.2 6 1.3 and
n = 0.5. The data agree well with DSC and ARC experi-
ments and are summarized in Table 4.
Isothermal method
The dynamic method described previously offered simple
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Figure 5. The pseudo rate constant versus temperature of thermal decomposition reaction of 35 wt% CHP.
Table 4. Kinetic constants of the Arrhenius equation for the decomposition of di-tert-butyl peroxide (DTBP) and cumene hydroperoxide (CHP).
Heating rate, Ea, ln A,
Material Technique Conditions K min±1 kJ mol±1 min±1M1 ±n n
DTBP DSC 20 wt% in toluene (1.8mg) 10 158 40.5 1
DTBP DSC 20 wt% in toluene (2.1 mg) 10 154 39.3 1
DTBP DSC 20 wt% in toluene (1.6mg) 10 156 40.0 1
DTBP DSC 20 wt% in toluene (2.4 mg) 4 154 39.1 1
DTBP DSC 20 wt% in benzene (3.9mg) 10 163 41.9 1
DTBP DSC 20 wt% in benzene (1.8 mg) 10 164 42.2 1
DTBP DSC 20 wt% in benzene (2.4 mg) 10 160 41.2 1
DTBP DSC 20 wt% in benzene (2.3 mg) 4 156 40.2 1
DTBP DSC 20 wt% in benzene (6.2 mg) 4 166 43.1 1
DTBP ARC pure (Hastelloy C bomb, Q = 8.4) ± 151 39.5 1
CHP DSC 35 wt% in cumene (9.1 mg) 4 122 31.1 0.5
CHP DSC 35 wt% in cumene (9.8 mg) 4 126 32.2 0.5
CHP ARC 35 wt% in cumene (Titanium bomb, Q = 1.28) ± 119.75 29.7 0.5
CHP ARC 35 wt% in cumene (Hastelloy C bomb,Q = 2.83) ± 116.87 28.8 0.5
CHP ARC 35 wt% in cumene (Hastelloy C bomb,Q = 4.31) ± 118.12 29.1 0.5
and rapid approaches to the study of reaction kinetics. In
addition, an isothermal DSC experiment was performed.
Isothermal analysis had the advantages of eliminating
thermal lag effects and maintaining good thermal equili-
brium. Isothermal analysis can be performed using the nth
order model of 35 wt% CHP decomposition. The rate
equation for 35 wt% CHP decomposition can be written as
-d[CHP]
dt = k[CHP]n (8)
Equation (8) can be integrated and becomes:
[CHP]1-n = (n - 1)kt + [CHP]1-no (9)
The isothermal test was run at 1508 C. Exothermic tracing
was recorded then converted into the conversion ratio ( a )
versus time. The best ® tted curve is shown in Figure 6. The
reaction order was determined to be 0.5 and the rate constant
at 1508 C to be 0.02532min± 1 M1 / 2 . This is very close to the
data obtained from previous DSC dynamic scanning,
0.02433 and 0.02403min± 1 M1 / 2 , respectively.
Identi® cation of Safety Margins
Interpretation of thermal analysis data from small-scale
experiments is dif® cult in scaled-up applications and
might result in signi® cant uncertainties13. Thermodynamic
data, kinetic parameters, physical properties of the reactants
and reactor conditions are essential for assessing runaway
reactions and thermal explosions. Theoretical models such
as the Semenov model and other criteria have been
developed to describe the phenomenon and can be used to
predict the critical conditions that may lead to runaway14.
The methodology in determining the critical conditions
using thermokinetics can be assessed by taking into account
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Figure 6. Isothermal kinetic analysis of thermal decomposition reaction of 35 wt% CHP.
Figure 7. Critical heat transfer parameter curve as a function of coolant temperature.
the scaling effect associated with a large chemical reactor in
jacket cooling, agitation, heat and mass transfer system.
Application of these models requires data on the tempera-
ture-dependence of the heat release rate and heat transfer
characteristics of the process vessel. The resulting criteria
can then be used to decide the safety margins of the reaction
process.
The basic information needed to decide whether a critical
situation may or may not exist are the following: heat of
reaction, reaction rate as function of temperature, concen-
tration, thermal conductivity, heat transfer coef® cient,
reactor volume, and the effective heat transfer area. Given
the kinetic parameters and heat of reaction and with heat
transfer limited by Newtonian cooling, the critical heat
transfer parameter ((US/V)cr) can be calculated by
14:
(US / V)cr = e{D H q EaA exp[-(Ea / RTa)]/ RTa2]} (10)
Safe (thermal stability) and unsafe (thermal instability)
regions can be identi® ed in Figure 7 as the areas either to the
left or right of the critical heat transfer parameter curve as a
function of coolant temperature (Ta). The critical heat
transfer parameter and critical dimension (dcr) are vital
parameters in scaling-up considerations14. Utilizing the data
in Table 5, the critical temperature (Tcr , or temperature of no
return, TNR) of heat generation and heat removal curves was
determined as in Figure 8. Critical reactor temperatures and
critical coolant temperatures for different Q values and
concentrations are summarized in Tables 6 and 7. From
these data we concluded that the reaction temperature
should be controlled below 958 C and the ® nal CHP product
concentration should be lower than 35 wt%.
CONCLUSIONS
A systematic approach to thermal runaway hazard
evaluation of the cumene hydroperoxide from the cumene
oxidation process is addressed. The application of calori-
metry techniques is a promising way of generating the data
necessary for reaction hazard analysis. Critical safe
conditions such as TMR, heat transfer parameter, tempera-
ture of no return, emergency relief venting area, etc., can be
determined by incorporation of experimental data and real
plant conditions. For the cumene oxidation operation, the
® nal CHP concentration after oxidation should be lower
than 35 wt% and the reactant temperature should be
controlled below 95 8 C with enough cooling capacity.
NOMENCLATURE
A pre-exponential factor, sec±1M1 ±n
a,b,c kinetic parameters
Co initial concentration, M
Cp speci® c heat capacity, J g
±1 K±1
dcr critical radius, m
Ea activation energy, kJ mol±1
k rate constant, sec±1 M1 ±n
k* pseudo rate constant, sec±1
Pmax maximum pressure, psi
dH/dt heat generation rate, W
n reaction order
R gas constant, 8.314Jmol-1 K-1
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Table 5. Data for calculation of critical heat transfer parameters
Items Values
Activation energy, J mol±1 119,750
Frequency factor, s±1M1 ±n 1.31´1011
Mass of reactant, kg 4,635
Reaction heat, J g±1 411.4
Density, g cm±3 0.927
Heat transfer coef® cient, Wm±2K±1 581.11
Surface area, m2 40
Figure 8. Critical temperatures de® ned by intersection of heat-generation and heat-removal curves.
Table 6. Critical reactor and critical coolant temperature determined
with different Q values of 35 wt% CHP.
Q Tcr, 8 C Ta 9 , 8 C
1.279 (Titanium bomb) 102.50 92.71
2.828 (Hastelloy C bomb) 97.30 87.54
4.310 (Hastelloy C bomb) 98.27 88.56
S surface area, m2
t time, sec
Ta temperature of coolant, K
Ta 9 critical temperature of coolant, K
To initial exothermic temperature, K
Tf ® nal temperature, K
Tcr critical temperature, K
TNR temperature of no return, K
TSAD self-accelerating decomposition temperature, K
Tmax temperature at which it takes eight hours to reach
maximum self-heating rate, K
TMRad adiabatic time to maximum rate at temperature T,
min
(TMRad)cor corrected adiabatic time to maximum rate at
temperature T, min
U heat transfer coef® cient, W m±2K±1
V volume of reactant, l
Xi, Yi, Zi multiple linear regression parameters
(da /dt)i rate of conversion of reactant, sec
- 1
dT/dt self-heating rate, 8 C min±1
(dT/dt)o self-heating rate at To , 8 C min
±1
(dT/dt)cor corrected self-heating rate, 8 Cmin
±1
(US/V)cr critical heat transfer parameter, kcal K
±1min±1 l±1
(dP/dt)max maximum pressure rise rate, psi min
±1
((dT/dt)max)cor ) corrected maximum self-heating rate, 8 Cmin-
1
Greek letters
a conversion of reactant
D H heat of reaction, kJ mol±1
q density of reactant, g cm±3
Q thermal inertia
D Tad adiabatic temperature rise, K
REFERENCES
1. United Nations, 1989, Recommendations on the Transport of
Dangerous Goods, 6th edition, 263±275.
2. United Nations, 1986, Recommendations on the Transport of
Dangerous Goods, Tests and Criterion, 1st edition, 168±189.
3. Kletz, T.A., 1988, Fires and explosions of hydrocarbon oxidation
Plants, Plant/Operations Prog, 7: 226±230.
4. NFPA 43B, 1986 edition, Code for the Storage of Organic Peroxide
Formulations.
5. Noller, D.C., Mazurowski, S.J., Linden, G.F., De Leeuw F.J.G., and
Mageli, O.L., 1964, A relative hazard classi® cation of organic
peroxides, Ind Eng Chem, 56: 18±27.
6. Mettler company, 1993, TA4000 Operation Instructions.
7. Columbia Scienti® c Industries Corporation, 1990, Accelerating Rate
Calorimeter Instruction Manual.
8. Townsend, D.I. and Tou, J.C., 1980,The thermokinetic performance of
an accelerating rate calorimeter, Thermochim Acta, 37: 1±30.
9. Duh, Y.S., Hsu, C.C., Kao, C.S. and Yu, S.W., 1996, Applications of
reaction calorimetry in reaction kinetics and assessment of thermal
hazards, Thermochim Acta, 285: 67±79.
10. Borchardt, H.J. and Daniels, F., 1956, The application of differential
analysis to the atudy of reaction kinetics, J Am Chem Soc, 79: 41±46.
11. Torfs, J.C.M., Deij, L., Dorrepaal, A.J. and Heijens, J.C., 1984,
Determination of Arrhenius kinetic constants by differential scanning
calorimetry, Anal Chem, 56: 2863±2867.
12. Shaw, D.H. and Pritchard, H.A., 1968, Thermal decomposition of di-
tert-butyl peroxide at high pressure, Can J Chem, 46: 2721±2724.
13. Gygax, R.W., 1990, Scaleup principles for assessing thermal runaway
risks, Chem Eng Prog, 86 (February): 53±60.
14. Smith, D.W., 1984, Assessing the hazards of runaway reactions,
Chemical Engineering, 91 (May 14): 54±60.
ACKNOWLEDGEMENTS
The authors would like to thank the Ministry of Economic Affairs of the
ROC for ® nancial support of this study under Contract No. 85-EC-2-A-17-
0111.
ADDRESS
Correspondence concerning this paper should be addressed to Dr Yih-
Shing Duh, Center for Industrial Safety and Health Technology, Industrial
TechnologyResearch Institute, Bldg 51, 195ChungHsing Road, Section 4,
Chutung, Hsinchu,Taiwan 310, ROC.
The manuscript was received 15 August 1996 and accepted for
publication after revision 17 February 1997.
80 DUH et al.
Trans IChemE, Vol 75, Part B, May 1997
Table 7. Critical reactor and critical coolant temperature determined
with various CHP concentrations.
CHP concentration, wt% Tcr , 8 C Ta 9 , 8 C
12 117.99 105.84
16 115.14 105.38
20 110.34 100.01
30 105.15 95.06
35 102.50 92.71
